The phototoxic effects ofquinolone antimicrobial agents on mouse auricular skin and retina were examined histologically. Sparfloxacin at 50 or 100 mg/kg, which alone causes no histologic change, was orally administered to albino Balb/c mice, which were irradiated with ultraviolet A for 4 hr immediately after administration. In the auricle, degeneration of basal epidermal cells was sporadically observed at 2 hr (during the irradiation). Foci of slight edema with degenerated fibroblasts were seen in the dermis at 4 hr. Edema and neutrophil infiltration in the dermis became severe up to 96 hr. Initial changes in the retina were observed at 2 hr. Vacuolation of the photoreceptor segments (particularly the inner segment) was occasionally associated with swelling of retinal pigment epithelial cells. The segments became disorganized with time, and the outer nuclear layer showed reduced cellularity. The segments and layer were partially thinned and lost 96 hr later. Enoxacin at 400 and 800 mg/kg induced similar lesions to those of sparfloxacin. Levofloxacin caused similar lesions in the auricle but no change in the retina. The combination of oral administration of quinolone and ultraviolet A irradiation, which never caused apparent morphological changes alone, was shown to be able to induce phototoxic lesions in albino mice. Therefore, this method is thought to be useful to examine morphological changes caused by quinolone phototoxicity.
INTRODUCTION
Phototoxicity and photoallergy are serious problems in humans. Many kinds of drugs have been reported to induce phototoxicity, including antipsychotics (phenothiazine), psoralens used for phototherapy, minor tranquillizers, nonsteroid anti-inflammatory drugs (benoxaprofen), and antimicrobial agents (tetracycline, sulfonamides) (29) . Among the adverse effects of quinolone antibacterial agents, rash and photosensitivity reactions in the skin have also been reported in patients, but the incidence was very low (18) . Nalidixic acid (NA), which was originally developed as a quinolone and is a known photosensitizer, induces skin lesions (6) (7) (8) (9) 30 ). Furthermore, recently developed quinolones have similar effects; the Food and Drug Administration compared the number of outpatient U.S. prescriptions for 4 quinolones with the number of reported phototoxic reactions. For ciprofloxacin (CPFX: 32,369,000 prescriptions), there were 29 reactions; norfloxacin (10, 226 ,000 scripts), 19 reactions; ofloxacin (OFLX; 3,161,000 scripts), 13 reactions; and lomefloxacin (LMFX; 259,000 scripts), 182 reactions (13) . Among the new quinolones, however, pefloxacin (PFLX) is reported to be the most potent inducer of photosensitivity in the ultraviolet A (UVA) range (10) , with a higher incidence of skin rash and photosensitization than other quinolones (34) . In contrast, quinolones have not shown ophthalmic toxicity in humans (34) . Rosoxacin and PFLX, however, have induced lenticular opacities in rats and dogs, respectively (10) .
Phototoxicity and photoallergy of various drugs and chemicals have been examined mainly using guinea pigs. However, Wagai et al (37) developed a method to detect quinolone phototoxicity using albino Balb/c mice. At doses of a quinolone and UVA irradiation that induced no change in the auricle alone, single oral administration of the quinolone Fm. l.-Time course of changes in the auricular thickness of Balb/c mice that were nontreated or orally administered SPFX (50 or 100 mg/kg) and irradiated with UVA for 4 hr. Each dot is the mean obtained from 5 mice.
Vertical bars represent standard deviations. *Statistically significant difference from the nontreatment control group (p < 0.05). followed by irradiation for 4 hr induced erythema in the auricle. The irradiation level used in their study corresponded to about 4-5 hr of summer sunbathing in Tokyo.
Few reports have dealt with morphologic changes induced by drug phototoxicity; in particular, we are aware of no studies concerning retinal changes. Using the procedures of Wagai et al (37) , we examined phototoxic changes in the auricular skin and retina of albino mice induced by a combination of quinolone administration and UVA irradiation.
MATERIALS AND METHODS
One hundred female Balb/Crj (Balb/c) mice aged 5 wk were purchased from Charles River Japan Co., Ltd. They were housed in wire-mesh cages in an airconditioned room (temperature 23 ± 2°C, humidity 55 ± 15%, lighting cycle 12 hr/day) for several days to acclimate them to the environment. The animals were assigned to 5 groups, namely, the sparfloxacin (SPFX; 70 animals/ 14 subgroups), enoxacin (ENX; 10/2), and levofloxacin (LVFX; 10/2) treatment groups and the nontreatment (5/1) and UVA irradiation (5/1) control groups. From preliminary studies, 2 dose levels were selected for each quinolone, 50 and 100 mg/kg for SPFX and 400 and 800 mg/kg for ENX and LVFX. The quinolones were suspended in 0.5% carboxymethylcellulose sodium and given by single oral administration at a constant amount of 10 ml/kg. Immediately thereafter, the animals were placed individually in partitioned chambers (4 x 8 x 4 cm) covered with a 3-mm pane of glass (Floatglass, Asahi Glass, Japan) to eliminate wavelengths below 320 nm and irra- diated with UVA (FL20SBLB Black Light, Toshiba, Japan) for 4 hr (20 joule/cm2). The animals from the SPFX groups were sacrificed by bleeding under ether anesthesia 2 (during irradiation), 4 (immediately after irradiation), 8, 12, 24, 48, and 96 hr after administration, whereas those from the ENX and LVFX groups and from the nontreatment and UVA irradiation groups were sacrificed at 96 hr. The auricles and eyes were removed, fixed in 10% buffered formalin and Davidson's solution, respectively, embedded in parrafin wax, sectioned, stained with hematoxylin and eosin, and examined histologically. Auricular thickness was measured using a dial thickness micrometer gauge (Peacock G-5, Ozaki MFG, Japan) at 0 (pretreatment), 2, 4, 8, 12, 24, 48, 72, and 96 hr after administration for the SPFX and nontreatment groups and at 0, 4, 24, 48, 72, and 96 hr for the ENX, LVFX, and UVA groups. The animals were cared for in accordance with in-house guidelines for the care and use oflaboratory animals.
Student's t-test was used at each time point to analyze differences in the auricular thickness between the control and quinolone treatment groups.
RESULTS

Auricles
The time course of changes in auricular thickness for the SPFX and nontreatment groups and the ENX, LVFX,, and UVA groups is presented in Figs. 1 and 2, respectively. SPFX increased the auricular thickness in a dose-dependent manner. Thickness was slightly increased immediately after irradiation was completed and continued to increase until 8 hr but showed a decrease at 12 hr. The auricles gradually thickened thereafter until 96 hr, at which time thickness in the 50-and 100-mg/kg groups was about 3 and 5.5 times that in the nontreatment control group, respectively. ENX at 400 and 800 mg/kg and LVFX at 800 mg/kg also showed a gradual increase in thickness; however, LVFX at 400 mg/kg showed no difference from the UVA control at any time point.
Histological changes induced by the combination of SPFX at 50 mg/kg and UVA irradiation are described below. 2 hr. In the epidermis, sporadic degenerative cells with dense and atrophied nuclei and eosinophilic and shrunken cytoplasms were seen in the basal layer. 4 hr. In the dermis, foci of slight edema were seen, which included separated fibroblasts with dense and irregularly shaped nuclei, eosinophilic granules, and occasionally necrotic cells ( Fig. 3 ). Only a few neutrophils were seen in these foci, but increased numbers were seen in blood vessels. 8 hr. The dermal edema became moderate and the neutrophil infiltration slight ( Fig. 4 ). 12 hr. Many epidermal cells showed the degenerative changes and necrotic cells were also prominent (Fig. 5 ). The dermal edema and neutrophil infiltration showed markedly decreased severity, but more foci of damaged dermal cells with slight edema were seen.
24-48 hr. The necrotic epidermal cells increased in number. Single or small groups of swollen keratinocytes with decreased staining were seen. These were occasionally necrotic in the auricular tip and associated with a detached horny layer. Furthermore, foci of superficial necrosis in the epidermis that left the basal cell layer intact were also seen. The dermal edema became moderate to severe, and cell infiltration worsened to moderate with time. The infiltrating cells consisted mainly of neutrophils, with some histiocyte-like cells also seen. 96 hr. Epidermal cells, with enlarged and irregularly shaped nuclei and prominent nucleoli, were detached from each other and separated by narrow spaces (Fig. 6 ). With slightly decreased staining, they showed an angular or spindle shape and tended to be arranged parallel to the surface and in an increased number, contributing to thickening of the epidermis. In the surface layer, cavitation resulting from cell necrosis and lysis was occasionally seen. The dermal changes became more severe and were associated with congestion and hemorrhage.
Histological changes in the 100-mg/kg SPFX plus UVA irradiation group were similar to the preceding findings, but with greater severity. Findings that differed from the 50-mg/kg group are described below. 4 hr. In the tip epidermis, cells with large nuclei were more multilayered. The dermis generally showed mild edema. However, in the portions not thought to be irradiated, sporadic foci without apparent edema were seen, consisting of fibroblasts with shrunken and irregularly shaped nuclei and occasionally basophilic fragments. Moderate or severe inflammatory reactions were observed in the root of the auricle.
Lesions included moderate neutrophil infiltration, necrotic tissues, and vascular endothelial cells with dense, enlarged nuclei.
8-12 hr. Necrotic cells became prominent in the epidermis and increased in number with slightly reduced staining during this period. Dermal edema and cell infiltration were apparent at 8 hr but were reduced in severity at 12 hr. 24-48 hr. Many vacuolated, swollen, or necrotic epidermal cells lost the staining at 48 hr. The dermal edema and cell infiltration gradually became prominent again, and the severity was greater than at 8 hr.
96 hr. The epidermal changes were more severe, and necrotic foci within all epidermal layers with cell infiltration and larger cavities were seen in the tip. Moreover, the necrosed epidermis was covered extensively with cell debris and infiltrating cells. One animal showed extensive necrotic areas appearing to be eosinophilic and homogeneous in the dermis near the tip (Fig. 7) . Changes induced by ENX at 400 or 800 mg/kg with UVA irradiation at 96 hr were similar to those with SPFX, and severity increased dose-dependently. LVFX at 800 mg/kg also induced similar changes to ENX at 800 mg/kg, but LVFX at 400 mg/kg produced only very mild edema and cell infiltration in the dermis. The UVA irradiation controls also showed very mild edema in a few animals only.
Retinas
Retinal changes observed in the 50-mg/kg SPFX group are described below.
2 hr. A few eyes showed vacuolation of the photoreceptor segments, prominently so in the photoreceptor inner segment (PIS). This was sometimes associated with swollen retinal pigment epithelial (RPE) cells (Fig. 8 ). The change was generally restricted to the retinal fundus.
4 hr. The photoreceptor change was associated with slight thickening of the outer nuclear layer (ONL), with cells in the layer showing slight separation and an irregular arrangement; some cells were necrotic. These changes were seen in many eyes, with some showing more extensive lesions. 8 and 12 hr. The changes became more severe and extensive in many eyes. In the lesions themselves, the whole PIS and photoreceptor outer segment (POS) were vacuolated.
24 hr. Changes in several eyes were similar to those in the previous group. However, several other eyes showed in addition focal areas of disorganized and thickened photoreceptor segments including large vacuoles (Fig. 9 ). The PIS and POS were not clearly distinguishable in these latter eyes. 48 hr. A few eyes showed more advanced lesions.
With more thickened photoreceptor segments, the ONL showed a slightly wavy arrangement and appeared slightly thinned because of reduced cellularity, this being associated with a thinned outer plexiform layer. RPE cells were sometimes markedly enlarged with large cytoplasmic vacuoles. 96 hr. The retinas were totally thinned in the lesions of some eyes at this time (Fig. 10 ). The thickness of the disorganized PIS and POS was variously reduced, causing approximation of the ONL and RPE 
cells, with cells having nuclei resembling those of
ONL cells and RPE cells in the segments. Some of the migrating cells showed a macrophage appearance. The thinning of the ONL was more remarkable, with the layer showing sporadic basophilic drops and occasional discontinuity.
Histologic findings in the 100-mg/l~g SPFX group were similar to those in the 50-mg/kg group mentioned above, but with greater severity and a higher incidence. 2 and 4 hr. Slight to moderate photoreceptor segment changes were seen in half and all eyes at 2 and 4 hr, respectively. 8 hr. All eyes had PIS and POS changes, and many cases showed more severe changes corresponding to those of the 50-mg/kg group at 24 hr. Changes included the migration of ONL cells into photoreceptor segments and an irregular border between the ONL and POS.
12-48 hr. The retinal changes were somewhat decreased in severity at 12 hr but were exacerbated again thereafter. 96 hr. Similar changes to those of the 50-mg/kg group were observed in many eyes. However, the retinal changes in a few eyes became more severe, and complete losses of the ONL were seen in small areas. These areas consisted of sporadic ONL cells, ONL cell fragments, cells thought to come from the inner nuclear layer (INL), the RPE cell layer, or both, and nonstained granules. In other areas showing complete loss of photoreceptor segments, degenerative ONL cells were in direct contact with RPE cells.
Ninety-six hours after a single administration of ENX at 400 or 800 mg/kg followed by UVA irradiation for 4 hr, similar retinal changes to those in the 100-mg/kg SPFX group were observed in many eyes. However, the changes were more extensive, with an increased number of RPE cells that showed more remarkable vacuolation and migration into photoreceptor segments. In contrast, animals from the 400-and 800-mg/kg LVFX groups and from nontreatment and UVA control groups showed no change in the retinas.
DISCUSSION
The combination of quinolone administration (induced no histologic changes alone; data not shown) and UVA irradiation (caused very mild edema in the auricle in this study) caused marked histologic changes in the auricle and retina in albino mice. In the auricle, an early change of SPFX phototoxicity was degeneration of epidermal cells, which was observed 2 hr after drug administration. This change was followed by damage to dermal tissue, comprising foci of very slight edema including fibroblasts with dense and irregularly shaped nuclei and eosinophilic granules. Additionally, these dermal changes without edema were seen in the highdose SPFX group. The dermal edema and neutrophil infiltration were worsened at the next time point (8 hr), but the inflammation declined at 12 hr. The inflammation became more severe thereafter, and necrosis of auricular tissues was observed. This biphasic reaction was similar to the erythema induced by UVA irradiation alone (33) .
In the early auricular changes induced by SPFX phototoxicity, the initial target cells (sites) were of interest but were not clearly shown in the present study because an electron microscopic examination was not done. The earliest change in this study was degeneration of epidermal cells. Epidermal keratinocytes are reported to release histamine, cyclooxygenase-and lipoxygenase-derived products of arachidonic acid and various cytokines (33) . Dermal fibroblasts were also damaged in the early phase. This may correspond to the cytotoxic effects caused by combined quinolone and UVA irradiation on cultured mouse 3T3 fibroblasts (40) . Concerning other dermal cells involved in inflammatory reactions, mast cells have been reported to release histamine on stimulation with exogenous agents, free radicals produced endogenously or diffusible factors derived from inflammatory cells. Activated mast cells themselves release free radicals (28) as well as prostaglandin D2 and leukotrienes (33) . Thus, various cells may be involved in skin inflammation, and the dermal inflammation seen in this study is thought to be caused by complex mechanisms. We consider it necessary to elucidate the initial target of quinolone phototoxicity in the skin.
Phototoxic reactions do not require cell-mediated immunological responses; the first step is reported to be the absorption of light by a phototoxic compound in the tissue, after which the compound itself, metabolically degraded product, or photoproduct becomes a chromophore (29) . Chlorpromazine, hematoporphyrin, and demethylchlortetracycline are reported to become phototoxic products on UV irradiation (21, 22, 26, 27) . However, NA induces photohemolysis in vitro without becoming a toxic photoproduct conversion (14) (15) (16) . Wagai and Tawara (35) showed that no toxic photoproduct is involved in the phototoxicities of OFLX, LVFX, CPFX, ENX, and LMFX, because these drugs pretreated with UVA did not induce auricular inflammation in mice. The mechanism of phototoxicity is thought to be as follows: the photosensitized chromophore transfers its absorbed photoenergy to oxygen molecules. The reactive oxygen species thus generated through type I and II reactions attack mitochondrial membranes, and this process triggers inflammatory reactions (5, 17, 23) . Further, Wagai and Tawara (35, 36, 40) examined the effects of free radical scavengers, superoxide dismutase inhibitors, and xanthine oxidase (XO) inhibitors on the mouse auricular thickening induced by quinolone phototoxicity in vivo and in vitro and showed the contribution of reactive oxygen, particularly hydroxy radical generated through the XO pathway, to the phototoxic inflammation. The authors considered that reactive oxygen generated from quinolone under UVA irradiation damages biological membranes such as mitochondrial membranes, that the activated XO generate. 02-, and that the toxic oxidant produced from the .02augments the inflammation because a substrate for XO is thought to be products derived from mitochondria destruction. Similar mechanisms are thought to be involved in the phototoxicities of NA (14-16), bleomycin (4), and porphyrin derivatives (5, 35) . We consider that the mechanisms described above are also involved in the auricular damage induced by quinolone phototoxicity in the present study. Administration of rosoxacin or NA has been reported to induce lenticular opacities in laboratory animals. In the present study in albino mice, however, quinolone phototoxicity was shown to induce retinal degeneration, but not lens change. These retinal changes were not induced in pigmented mice (data not shown). The early changes were vacuolation of the PIS and occasional swelling of RPE cells. Changes progressed thereafter to degeneration and thinning of the retina, including the photoreceptor segments, ONL and outer plexiform layer. POS de-struction and accumulation of inclusion bodies in RPE cells have been described in the retinopathies induced by a variety of chemical agents: 2-aminooxy propionic acid derivatives, hexachlorophene, gentamicin, aminoglycoside antibiotics, netilmicin, cytosine arabinoside, phenothiazine derivatives, chloroquine, lead, laser, 2-phenyl-APB-144 (24) , vitamin E deficiency (2) , and 4,4'-methylenedianiline (25) .
UVA has also been reported to reach the retina and produce retinal degeneration (41, 43) , and albino mice and rats are more sensitive to the adverse effects ofUV (41) and show retinal degeneration even after long-term exposure to standard illumination used in animal rooms {31). UVA at low doses has been reported to induce vesiculation, shortening, and disorganization of the POS in mice and rhesus (11, 20, 42) and at high doses to induce vacuolation of RPE cells, thinning or loss of the POS, and thinning of the ONL (11, 20) . Thus, retinal changes induced by chemical or UVA exposure alone share a similar histology, to which the changes by quinolone phototoxicity in its later stage were shown here to be also similar.
The initial retinal change of SPFX phototoxicity was seen in the PIS, which is rich in mitochondria. In copper-deficient rats, mitochondria of the PIS were shown to lose cytochrome oxydase, which plays an important role in mitochondrial energy production, leading to dysfunction of this segment (12) . One early change induced by UVA irradiation is reported to be mitochondrial swelling of ONL and INL cells and RPE cells (32) . The retinal degeneration is also thought to be caused by free radicals. The retina consumes relatively high levels of oxygen and is easily oxygenated because of vascular supplementation from both retina and choroidal plexus ( 1 ) . Various pigments in retinal cells generate active oxygen species and cause photosensitizing responses (3). In detail, irradiated mitochondria generate superoxide anion (11, 32) , and inactivation and destruction of mitochondrial enzymes in the photoreceptors may be a cause of cell deaths induced by photic injury (11) . In the present study, the early changes were seen in the PIS, sometimes with RPE cell changes, corresponding to the finding that photodamage of photoreceptors is usually accompanied by RPE cell changes (19) . These findings may suggest that the initial target of quinolone phototoxicity is the mitochondria of the photoreceptors. ENX at 400 and 800 mg/kg caused similar phototoxic damage in the auricle and retina of Balb/c mice to that of SPFX at 50 and 100 mg/kg. However, LVFX induced marked and very slight changes in the auricle at 800 and 400 mg/kg, respectively, but induced no retinal changes at either dose. LVFX is therefore thought to possess less potent photo-toxicity than ENX and SPFX, a finding supported by previous data in the thickness changes of auricles (36, 38) .
